Background: Thiazide diuretics are recommended for first-line treatment of hypertension. Although considered safe and effective, their use is associated with dyslipidemia, hyperglycemia, and an increased risk of developing type 2 diabetes. The aim of this study was to characterize interindividual variation in glucose and lipid responses to hydrochlorothiazide and to identify demographic, environmental, and genetic predictors associated with this variation.
T
hiazide diuretics are recommended for the initial treatment of hypertension. Despite a reputation for safety and efficacy, metabolic abnormalities including hyperlipidemia and carbohydrate intolerance have been noted. 1 Diuretic therapy has been associated with increases in serum total cholesterol and LDL-cholesterol of up to 10% of baseline levels. High-density lipoproteincholesterol is not affected, whereas triglyceride concentrations can increase by 5% to 15%. [2] [3] [4] [5] [6] [7] A recent metaanalysis of 11 large randomized clinical trials showed that treatment with diuretics or ␤-blockers was associated with a higher incidence of type 2 diabetes than treatment with angiotensin-converting enzyme (ACE) inhibitors, angiotensin receptor blockers, or calcium antagonists. 8 Because of the availability of many efficacious antihypertensive drugs, knowledge of the predictors of adverse metabolic responses to thiazide diuretics may help health care providers to identify patients at increased risk who would be candidates for an alternative antihypertensive drug.
The aim of this study was to characterize the magnitude of interindividual variation in plasma total cholesterol, triglyceride, and glucose responses to hydrochlorothiazide and to identify environmental and genetic predictors of this interindividual variation.
Methods
African Americans were recruited at the Emory University in Atlanta, Georgia, and non-Hispanic whites were recruited at the Mayo Clinic in Rochester, Minnesota. The diagnosis of essential hypertension was defined as diastolic blood pressure (BP) Ͼ90 mm Hg in the absence of known causes or a previous diagnosis of essential hypertension and use of prescription antihypertensive drugs. The study was approved by the institutional review boards of the Mayo Clinic and Emory University.
Details of the previous study protocol and the methods for genotyping have been previously described. 9 Briefly, previous BP-lowering medication was discontinued for at least 4 weeks. This was followed by 4 weeks of therapy with hydrochlorothiazide, 25 mg orally once daily. Subjects were counseled to maintain a dietary sodium intake of 2 mmol/kg/d. Dietary compliance was monitored by measurement of 24-h urine sodium excretion and dietary recall diaries. Subjects were withdrawn from the study if their diastolic BP was Ͻ90 mm Hg at the end of the washout period, or if BP increased to Ͼ180/110 mm Hg during the washout period. Blood pressure was measured and blood was obtained for biochemical measurements at the end of the washout period (baseline) and at the end of the 4-week diuretic treatment period. Blood pressure measurements were taken with subjects in the seated position after 5 min of rest by trained nurses. Blood samples were morning fasting samples after an 8-h fast. If serum potassium was Ͻ3.6 mmol/L at the screening visit, an oral potassium supplement (K-Dur, 20 mmol/d; Key Pharmaceuticals, Kenilworth, NJ) was prescribed. After 2 weeks of diuretic therapy, serum potassium concentration was remeasured; if the value was Ͻ3.6 mmol/L, an oral potassium supplement (20 to 40 mmol/d) was prescribed.
A total of 45 polymorphisms in 19 candidate genes for hypertension were measured. These genes and polymorphisms had been selected for the previous study as candidates to predict antihypertensive response to hydrochlorothiazide. 10 Genotyping was carried out by primer extension and mass spectrometry after polymerase chain reaction amplification of the target region. Genotypes were called directly from the spectra using semiautomated software (Sequenom, San Diego, CA). Primers for the amplification and extension reactions are available upon request.
Plasma glucose concentrations were determined by automated spectrophotometric methods implemented on the IL Monarch Chemistry System 760 (Instrumentation Laboratories, Lexington, MA). Cholesterol and triglyceride concentrations were determined spectrophotometrically using Roche reagents on a Cobas Mira analyzer (Roche Instrument Center, Rotkreuz, Switzerland).
Changes in total cholesterol, triglycerides, and blood glucose in response to hydrochlorothiazide were defined as the final value (at the end of drug therapy) minus the baseline value (at the end of the washout period). Analyses considered these responses to hydrochlorothiazide as continuous variables. Mean values and standard deviations were calculated for changes in total cholesterol, triglycerides, and blood glucose. Student t tests were performed to determine whether the mean values were different from zero. Shapiro-Wilk tests were performed to test for normality of the distributions of the response variables. Deviations of the observed genotype frequencies from Hardy-Weinberg equilibrium (HWE) expectations were tested using a 2 goodness-of-fit test. For building of the models, all potential nongenotype predictor variables measured at baseline (ie, end of the washout period) (gender, ethnicity, weight, body mass index, waist-hip ratio, age, age at diagnosis of hypertension, previous antihypertensive drug treatment, current smoking, ethanol use, systolic BP, diastolic BP, serum sodium and potassium, plasma triglycerides, total cholesterol and HDL-cholesterol, plasma glucose and insulin, plasma epinephrine, norepinephrine and dopamine, serum ACE, urine sodium, potassium, and aldosteron excretion) were considered in separate linear regression models, one for each outcome variable (ie, change in total cholesterol, change in triglycerides, and change in glucose). The stepwise method (SAS 8.2 STEPWISE [SAS Institute Inc., Cary, NC]) was used for the selection of variables. All predictors that had P values Ͻ .05 in the multiple regression model were kept in the model. All possible interaction terms between pairs of these predictors were then tested for statistical significance, and only the interaction terms with P values Ͻ .05 were retained in the model. After constructing this base model of "nongenotype" predictors, each single nucleotide polymorphism (SNP) was then entered one-at-a-time in separate linear regression models (see Table 1 for list of SNPs). Those SNPs with P values Ͻ .05 were then entered into a multiple regression model into which the previously identified nongenotype predictors were forced. Only the SNPs with P values Ͻ .05 were kept in the final model. The R 2 of the models with and without the SNPs were calculated.
Use of potassium supplements, final serum potassium, and changes in potassium values (final value minus baseline value) were tested in all models as potential predictors of the changes in total cholesterol, triglycerides, and glucose.
Results
Characteristics of the study sample, stratified by ethnicity are shown in Table 2 . Fig. 1 shows the interindividual variation in responses of plasma total cholesterol, triglycerides, and glucose to hydrochlorothiazide. The mean Ϯ standard deviation (median, interquartile range) for the change in total cholesterol, triglycerides, and glucose was 6.13 mg/dL Ϯ 22.8 (5, 24), 17.21 mg/dL Ϯ 70.3 (10, 52), 3.51 mg/dL Ϯ 9.5 (2.5, 10.75), respectively. Each mean change was statistically significantly different from zero (P Ͻ .0001), and each distribution deviated from normality and was positively skewed (P Ͻ .0001). The coefficient of variation was 371% for change in total cholesterol, 408% for change in triglycerides, and 271% for change in glucose.
For triglycerides and glucose, ethnicity was a significant predictor of interindividual variation in response, with African Americans having a smaller response than whites. Therefore, the potential for ethnic interaction was investigated in all subsequent analyses. For each outcome variable, sex was not a significant predictor of response. However, to help control for possible confounding gender effects, sex was included in all subsequent prediction models. Finally, the baseline level of each response measure was a significant predictor of response. When ethnicity, sex, and baseline values were considered, the R 2 value was 0.06 for change in total cholesterol, 0.03 for change in triglycerides, and 0.05 for change in glucose (P values of the models were Ͻ .0001, .0008, and Ͻ .0001, respectively).
Plasma triglycerides, total cholesterol, HDL-cholesterol, and insulin were the nongenotype predictors of total cholesterol change in response to hydrochlorothiazide ( Table 3 ). The R 2 for this model was 0.11 (model P Ͻ .0001). Polymorphisms in the gene encoding the ␤ 1 -adrenergic receptor (ARB1A_rs1801253) and renin (REN_rs5705) made additional contributions to prediction of the total cholesterol change. Subjects with the GC variant of the ARB1A_rs1801253 polymorphism had a larger total cholesterol increase (ϩ9.0) than subjects with the GG (ϩ4.36) or CC (ϩ4.10) genotypes (Table 3) . Subjects with the GT or TT variant of the REN_rs5705 polymorphism had a smaller increase in total cholesterol (ϩ6.01 and ϩ5.74, respectively) than subjects with the GG variant (ϩ15.0) (Table 3) The R 2 value of the model with baseline variables and SNPs was 0.13 (model P Ͻ .0001).
Ethnicity, plasma triglycerides, dopamine, urine sodium excretion, and interactions plasma triglycerides with ethnicity and with urine sodium excretion were the nongenotype predictors of triglyceride change in response to hydrochlorothiazide ( Table 4 ). The R 2 value for this model was 0.14 (model P Ͻ .0001). Non-Hispanic whites had a larger increase in triglyceride levels (ϩ25.05) than African Americans (ϩ10.11) (P ϭ .0003). Polymorphisms in the genes encoding angiotensinogen (AGT_rs7079), endothelial nitric oxide synthase (ENOSA_rs1799983), and the protein kinase lysine deficient 1 (PRKWNK1_rs2277869) were also predictors of triglyceride changes. Subjects with TT genotype of the AGT_rs7079 polymorphism had a larger mean increase in triglycerides (ϩ43.47) than those with GG (ϩ15.2) or TG (ϩ14.04) genotypes. Subjects with the TT genotype of the ENOSA_rs1799983 polymorphism had a larger mean increase in triglycerides (ϩ48.70) than those with the TC (ϩ20.30) or the GG (ϩ13.79) genotypes. Subjects with the CC genotype of the PRKWNK1_rs2277869 polymorphism had a decrease in plasma triglycerides (Ϫ11.75), whereas triglycerides increased in those with the TC (ϩ25.90) and TT (ϩ14.96) genotypes (Table 4 ). The R 2 of the model with the baseline variables and SNPs was 0.17 (model P Ͻ .0001).
Ethnicity, weight, plasma glucose, urine sodium excretion, and interactions of weight with the ethnic group and with urine sodium excretion were the nongenotype predictors of glucose change in response to hydrochlorothiazide ( Table 5 ). The R 2 of this model was 0.09 (model P Ͻ .0001). Polymorphisms in the genes encoding the potassium inwardly rectifying channel (KCNJ1_hcv632615) and the ␤ 2 -adrenergic receptor (ADRB2_rs2400707) made additional contributions to prediction of changes in glucose. In subjects with the KCNJ1_hcv632615 AA genotype, glucose increased (ϩ3.75) whereas it decreased in those with the AG genotype (Ϫ4.56). Subjects with the ADRB2_rs2400707 AA genotype had a larger blood glucose increase (ϩ5.90) than those with the AG (ϩ3.52) or GG (ϩ2.83) genotypes (Table 5 ). The R 2 of the model with the baseline variables and SNPs was 0.11 (model P Ͻ .0001).
Because of previous reports of an inverse relationship between serum potassium concentration and thiazide diuretic-associated hyperglycemia, [11] [12] [13] further analyses were carried out on serum potassium values. The SNPs that had a significant effect on the change in glucose levels had no significant effect on baseline serum potassium levels or the change in potassium. There was a negative association between the final value of potassium and the change in glucose (P ϭ .01 and R 2 ϭ 0.01), but the baseline value, the use of potassium supplements, and change in potassium were not predictive of the change in glucose.
Discussion
Small percentages of individual variation in total cholesterol change (13%), triglyceride change (17%), and glucose change (11%) could be explained by the predictors we measured. Additionally genetic predictors also accounted for only a small fraction of the explained variation (2%, 3%, and 2%, respectively). The genes in this study were chosen based on their possible influence on the BP-lowering effect of hydrochlorothiazide rather than a hypothesized effect on the drugs influence on lipids or glucose. The genetic mechanisms that may lead to the changes in total cholesterol, triglycerides, and glucose are most likely due to mechanisms unrelated to BP response. Some of the measured genes in this study have demonstrated effects on total cholesterol, triglycerides, 14, 15 and glucose concentrations, 16 however, to our knowledge there is no information yet available concerning the specific effects of these genes on changes in total cholesterol, triglycerides, and glucose during short-term (4 weeks) administration of hydrochlorothiazide. Therefore, we can only hypothesize as to the underlying mechanisms for the SNP associations we found.
For the change in total cholesterol in response to hydrochlorothiazide, the statistically significant predictors were baseline total cholesterol, triglycerides, HDL-cholesterol, and insulin. Polymorphisms in the ␤ 1 -adrenergic receptor gene and in the renin gene were significant predictors of the change in total cholesterol. The ␤-adrenergic receptors are important regulators of lipolysis and interrelationships between the sympathic nervous system and the renin-angiotensin system have been noted. 17 Variation in the ␤-receptor might therefore affect plasma lipid levels in response to early volume depletion associated with therapy with a thiazide diuretic and activation of the renin-angiotensin system associated with diuretic therapy.
For the change in triglycerides in response to hydrochlorothiazide, the statistically significant predictors were ethnicity, baseline triglycerides, dopamine, and urine sodium excretion. Three polymorphisms were found to predict the change in triglycerides. However, the ethnic effect was much larger than the effect of the polymorphisms. In general, African Americans demonstrate significantly lower triglycerides than their non-Hispanic white counterparts, which was also seen in this study. 18 Non-Hispanic whites had greater triglyceride elevations than African Americans. One of the polymorphisms that predicted the triglyceride response to hydrochlorothiazide was the ENOSA_rs1799983 polymorphism (ϭ Glu298Asp variant). This polymorphism has been found to be positively associated with higher weight, triglycerides, and LDLcholesterol in a Hispanic population. 15 Ethnicity was also a statistically significant predictor of the change in glucose. Non-Hispanic whites had larger changes in glucose than African Americans. Other statistically significant predictors were baseline glucose levels, weight, and urine sodium excretion. There were two polymorphisms that predicted the change in glucose. These polymorphisms were in the potassium inwardly rectifying channel, subfamily J, member 1 and in the ␤ 2 -adrenergic receptor. The ATP-sensitive potassium channels are an essential component of glucose-dependent insulin secretion in pancreatic islet ␤-cells. It has been suggested that the adverse effects of thiazide diuretics both on lipid levels and on glucose tolerance are, in part, a consequence of potassium depletion. [11] [12] [13] 19 Thiazide-induced impairment of glucose tolerance may be a consequence of impaired glucose-stimulated insulin release and peripheral resistance to the action of insulin. 20 Because the initial response of pancreatic ␤-cells to glucose depends on serum potassium levels, diuretic-induced hypokalemia may cause postprandial hyperglycemia. 20 Therefore a polymorphism in the gene encoding the potassium-rectifying channel is a logical candidate for the prediction of glucose changes during hydrochlorothiazide. In our study the final potassium value (after treatment) was significantly negatively associated with the change in glucose, but the change in potassium (final value [at the end of drug therapy] minus the baseline value [at the end of the washout period]) was not. In subjects with higher final potassium levels, hydrochlorothiazide had less influence on the glucose levels. This association was still true when the model was adjusted for the use of potassium supplements. Normalizing serum potassium when using hydrochlorothiazide for hypertension might be important to control thiazide-induced hyperglycemia.
Only a small proportion of the glucose and lipid responses to hydrochlorothiazide could be explained by the environmental and genetic factors that were measured in our study. The polymorphisms in this study were chosen because they were candidate genes for prediction of BP response to hydrochlorothiazide, other polymorphisms in genes involved in activity of potassium channels, lipid metabolism, or insulin resistance 21 might be interesting candidates for future studies looking at the metabolic side effects of hydrochlorothiazide.
The risk of developing diabetes mellitus must be weighted against BP control benefits of thiazides (reduction of risk of cardiovascular disease). The ability to predict adverse effects as well as favorable effects would be helpful in choosing the optimal BP-lowering therapy for the individual patient.
